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The potential reasons why ultrasonic vibrations refine the grain 
structure of a solidifying ingot of metal are discussed. One of the 
potential reasons is that the vibrations produce a heat release at 
the liquid-solid interface which alters the temperatures in the liquid 
metal and causes constitutional supercooling to occur sooner than 
normal. In order to obtain experimental verification and quantitative 
infonnation about this heat effect, temperatures in the vicinity of a 
tin liquid-solid interface were recorded before, during and after the 
application of ultrasonic energy at various power levels. An~inter-
pretation of the temperature data was made which used the general heat 
conduction formula. After determining the magnitude of the heat 
released and the efficiencies of the experimental system used, the 
author ,discusses the importance of the ultrasonic heating effect as 
an aid to the overall grain refinement mechanism. 
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INTRODUCTION 
Much work has been done which proves that the application of 
vibrational energy to a metal as it solidifies will produce a finer 
grain size than if the metal had solidified normally. (l) This grain 
refinement is less. pronounced in some 1netals but, nevertheless, is 
always present·. ··It was the purpose of this work to examine one aspect 
of the potential cause of ultrasonic grain refinement. 
Though experimental work dates back to the 1930' s, a universally 
accepted theory that explains this grain refinement phenomena does not 
exist. After investigators saw a shortening of typical needle-like 
crystals in Wood's alloys when sonic energy was applied, it was sug-
gested that frictional forces between the melt and the solidifying 
crystals were responsible for the grain refinement. Another theory 
is that newly formed dendrites are shattered and shower ready-made 
nuclei into the melt. Still another theory is that cavitation causes 
violent mixing which in turn causes supercooling in the melt and a 
finer grain structure. Garlick and Wallace(2 ) in their work on non-
ferrous alloys in 1957 indicate that ultrasonic pressure waves reduce 
the critical nucleus size (size required before the nucleus is stable 
. and grows), thereby refining the grain structure. 
A thorough analysis of the potential causes of grain refinement 
due to ultrasonic energy was presented by Lane, Cunningham and Tiller 
in 1960. (J) In a conventional casting, three distinct solidification 
zones are usually observed. At the mold surface a very fine grain 
structure occurs. Adjacent to this zone, a region consisting of long 
columnar grains is usually obsetved, and at the center of the casting 
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there ijre equiaxed grains. Thus, in a normal casting, the grain 
,, 
, ./ I 
struct_u·-re, changes from a large columnar structure to that of a finer 
equiaxed structure. The reason for this transition is worthy of some 
discussion. 
During solidification, the solute buildup at the solid-liquid 
interface reduces the freezing temperature of the liquid immediately 
in front of the interface (see Fig. 1). This phenomenon also applies 
II If to pure 
.:, 
metals because of the ever present impurities. 
Freezing Freezing ~ Temperature ~ Temperature ~ ::> of Liquid ::> of Liquid ~ ~ ~ ~ I I E,-4 ~ 
tl t2' > tl 
r DISTANCE INTO LIQUID ~ DISTANCE INTO LIQUID FROM INTERFACE FROlwf INTERFACE 
FIGURE 1. EFFECT OF SOLUTE BUILDUP ON THE FREEZING 
TEMPERATURE OF LIQUID METAL 
The buildup becomes more pronounced as solidification progresses 
.__ 
because the liquid next to the interface contains an ever increasing 
amount of solute whenever there is insufficient time for the rejected 
.. 
solute atoms to diffuse away into the remaining liquid. In addition to 
the effect described above, the actual temperature gradient simulta-
neously decreases as the superheat of the liquid is lost (see Fig. 2). 
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FIGURE 2. LOSS OF SUPERHEAT BY AN INGOT 
WITH TIME 
These two effects, when combihed, produce a temperature picture in 
the vicinity of the solid-liquid interface as shown in Figure 3. 
Actual Temperature 
Freezing Temperature 
Constitutionally 
Supercooled Region 
DISTANCE INTO LIQUID FROM INTERFACE 
"''':'.~\'' ,.,.,." ''c' "' ,: ' :,," -;.. 
... , ... ,.,., ........... ,.,.,,,,,.,,,.,,,,,.,,,,, 
FIGURE 3. CONSTITUTIONAL SUPERCOOLING 
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This entire process, which results in a supercooled region, is called 
constitutional supercooling. Should the supercooling become equal to 
some critical value, stable nuclei form away from the interface and 
an equiaxed grain structure begins to fonn. 
Three different ways to make constitutional supercooling come 
into effect sooner and thereby produce equiaxed grains earlier in the 
.,.. ' 
solidification of an ingot can be envisioned as follows: 
1. Increase the slope of the freezing temperature curve 
near the interface. 
2. Decrease the actual temperature gradient. 
3. Reduce the critical value of supercool_ing or, 
equivalentlt,y, inc'fease the potential number of 
critical nuclei. 
It is thought that the application of ultrasonic energy during solid-
ification refines grain size by one or both of the latter two 
mechanisms listed above because it is difficult to see how ultrasonic 
vibration could increase the slope of the freezing temperature curve. 
To increase the slope would require an. increased solute buildup and 
. ' 
ultrasonic vibration would, if anything, result in just the opposite 
effect - a mixing of the liquid near the interface. 
Ultrasonic vibration can have some influence on the actual tem-
perature gradient and this influence can be in the proper direction 
to decrease the gradient. As the ultrasonic vibrations travel through 
the solid metal into the liquid metal, heat is generated in the solid; 
in the liquid and at the interface between the two. The latter heat 
release would be dominant, according to Lane, Cunningham and Tiller, 
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with little effect being noted in the thermal environment due to heat " 
released in the solid or liquid. The magnitude of the heat released 
at the interface may be large enough to slow down the freezing rate 
while still allowing the bulk liquid to lose its superheat via radia-
tion. To understand what this means, it is necessary to examine an 
ingot that is vibrated during solidification and another that is not 
vibrated during solidification. Assume that a one-inch thickness of 
metal has solidified in the unvibrated ingot. A certain temperature 
gradient then exists in the remaining liquid. Now assume that a one-
inch thickness of metal has solidified in an identical but vibrated 
-ingot of metal. Due to the heat release at the solid-liquid interface, 
this ingot would have required more time for the one inch of metal to 
solidify than the unvibrated ingot required. Since more time would 
have passed in the former case, the actual temperature gradient in 
the remaining liquid metal of the vibrated ingot would be lower than' 
in the unvibrated ingot. Comparing the two ingots, the vibrated one 
reaches a state of constitutional supercooling when less metal has 
solidified. Thus, when solidification is complete, the vibrated ingot 
has the greater volume of equiaxed grain structure. 
Ultrasonics could increase the number of critical nuclei because 
' 
of many conceivable reasons. In general, according to Lane, 
Cunningham and-Tiller, the reasons are all dependent upon the existence 
of cavitation and the irradiation with ultrasonic energy of a small 
volume of liquid metal while it freezes. This author prefers one of 
the reasons over the others. The pressure waves produced by the vibra-
tions travel through the liquid and the liquid obeys the La.Chatelier 
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with little effect being noted in the thermal environment due to heat 
released in the solid or liquid. The magnitude of the heat released 
at the interface may be large enough to slow down the freezing rate 
while still allowing the bulk liquid to lose its superheat via radia-
tion. To understand what this means, it is necessary to examine an 
ingot that is vibrated during solidification and another that is not 
'. 
vibrate·a during solidification. Assume that a one-inch thickness of 
metal has solidified in the unvibrated ingot. A certain temperature 
gradient then exists in the remaining liquid. Now assume that a one-
inch thickness of metal has solidified in an identical but vibrated 
ingot of metal. Due to the heat release at the solid-liquid interface, 
this ingot would have required more time for the one inch of metal to 
solidify than the unvibrated ingot required. Since more time would 
have passed in the former case, the actual temperature gradient in 
the remaining liquid metal of the vibrated ingot would be lower than 
in the unvibrated ingot. Comparing the two ingots, the vibrated one 
reaches a ·state of constitutional supercooling when less metal has 
solidified. Thus, when solidification is complete, the vibrated ingot 
has the greater volume of equiaxed grain structure. 
Ultrasonics could increase the number of critical nuclei because 
of many conceivable reasons. In general, according to Lane, 
Cunningham and-Tiller, the reasons are all dependent upon the existence 
of cavitation and the irradiation with ultrasonic energy of a small 
volume of liquid metal while it freezeso This author prefers one of 
the reasons over the others. The pressure waves produc-=J.d by the vibra-
tions travel through the liquid and the liquid obeys the La.Chatelier 
' 
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J.:. principle. This means that a normal metal (one in wh·ich the density 
of the solid is greater than that of the liquid) will relieve itself 
of the pressure by. transforming from a liquid to a solid. Consequently, 
the ultrasonic waves have the same effect as reducing the critical 
nucleus size. The work done by Garlick and Wallace(2 ) was convincing 
in its support of this mechanism. They compared the percentage of 
solidification contraction with ultrasonic grain refinement for over 
a dozen metals and alloys which had been ultrasonically treated. It 
was found that the greater the contraction upon freezing, the greater 
was the grain refinement •. In other words, more nuclei were made crit-
ical by the pressure waves when the LaChatelier principle was more· 
powerfully at work. 
This study was an investigation to determine how strongly ultra-
sonic vibrations effect the actual temperature gradient. More specif-
ically, the author has attempted to determine the effect that ultra-
sonics has on the thermal environment of a solid-liquid interface. 
It is not felt at the present time that the ultrasonic heating effect 
is the primary reason for ultrasonic grain refinement, but no exper-
imental work has· shown how much or how little influence this potential 
explanation of grain refinement has. Some of the questions which it 
is hoped to answer are: 
1. Can there be a significant rise in temperature dije to 
acoustic energy attenuation in the solid and liquid? 
2. What sort of heat generation at the interface can be 
obtained? 
·-t 3. How does this heating effect vary with power input? 
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4. Can the change in thermal environment really have 
much of an effect on grain size reduction? 
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r PROCEDURE 
The experimental procedure to determine the ultrasonic heating 
effect near a liquid-solid interface was one in which steady state 
conditions were used. Basically, the idea was to establish a stable 
liquid-solid interface in a metai, apply ultrasonic energy through 
the solid toward the interface, monitor any temperature changes 
around the interface and note any interface movement until a new 
steady state established itself in the system. The differences be-
~ tween the two steady states were then analyzed in an attempt to 
answer the four questions mentioned in the introduction. 
_;...._ 
Commercially pure tin was used as the metal for a number of 
reasons. It has a low melting point and thus was easier to work with. 
Also, since the heat of fusion per volume is small, a heat input of 
fixed size had a greater melting effect in tin than it would have had 
in a metal with a larger heat of fusion per volwne. Tin also has a 
fairly low specific heat which was of benefit for the same general 
reason. 
Figure 4 shows a schematic diagram of the experimental arrange-
ment. A stainless steel horn acted as the transmitter of the vibra-
tions produced by the barium titanate transducers. The entire crystal-
horn system was designed to vibrate at approximately twenty kilocycles 
and to provide a large excursion at the tip of the horn. The trans-
ducers were powered by either a twenty watt or a two-hundred watt 
generator. The end of the stepped horn formed the end wall of a 
stainless steel trough. Before the trough was filled with tin, the 
end of the horn was fluxed and wetted with a layer of tin. 
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procedure insured good wetting with the molten tin when it was first 
,......._ 
poul"'ed into the trough and was necessary to assure good energy trans-
mission from horn to tin as pointed out by J. Byron Jones. (4) 
Figure 5 shows the complete assembly of crystal, horn, trough and tin. 
A 550 watt furnace provided the heat to establish a liquid-solid 
interface in the tin. Four stainless steel shielded chromel-constantan 
thermocouples, spaced 3/8" apart and immersed approximately 1/4" into 
the tin,~ovided the temperature information. The thermocouples 
"-._ _ __--1 
were ungrounded to reduce extraneous electrical pick-up. Signals 
from the thermocouples were amplified by a four-channel solid state 
amplifier and then recorded by a 'four-channel Sanborn recorder. The 
thermocouples in conjunction with the amplifier are shown in Figure 6. 
The amplifier was capable of amplifying by over 1000 and the recorder 
could discriminate .001 volt increments. Both had zero offset ca-
pabilities. During an actual run, the amplifier and the recorder 
were adjusted so that a one millimeter division on the chart paper 
meant a voltage output change from the thermocouple of .05 millivolts. 
This small increment of voltage was 2/3°C for a chromel-constantan 
'• 
thennocouple in the temperature range around the melting point of tin. 
A typical day of runs began with a calibration of the entire 
temperature recording system. This was done by melting a pot of tin 
and using its.temperature near and at the melting point as the.stand-
ard. The four shielded thermocouples and a chromel-constantan welded 
thermocouple juncti,9n were strapped together. The chromel-constantan 
wire was used as a standard thermocouple and was used only when cal-
11:i:rat ion was performed. The"bare wire thermocouple was connected to 
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a portable "Mini-Mite" pyrometer indicator while the shielded thermo-
couples were connected to the amplifiers. The bundle of thermo-
coqples was then immersed into the tin. With the "Mini-Mite" indica-
ting the temperature of the tin, the amplifiers for the respective 
shielded thermocouples were adjusted so that the Sanborn recorded the 
same temperature within + l/2°C. The temperature around the amplifier 
was noted with a highly accurate thermometer capable of reading tenths 
of a degree centigrade. Thus, if the room temperature varied after 
calibration, the appropriate correction was made to the recorded out-
put of the thermocouples. Each thermocouple was checked over a range 
• of voltage output from 15 millivolts to the melting point voltage as 
the tin cooled and began to freeze. 
A liquid-solid interface was established in the tin by position-
ing the stainless steel trough partially into the furnace. Since 
there was no automatic control on the furnace, the pow\er to it was 
adjusted with a "variac." Once a power setting was made at the begin-
ning of the day, the furnace ran continuously. The shielded thermo-
couples were inserted into their holder and lowered into the tin. 
Generally, two thermocouples were in the liquid and two were in the 
solid. The experimental setup minus power connections is shown in 
Figure 7. 
The temperatures were recorded and a run began when a steady 
state condition of the temperatures was found. The room temperature 
and the position of the interface as seen bi the eye were noted 
directly on the recording paper. The power to the ultrasonic horn 
was turned on, adjusted to a fixed level, monitored and photographed 
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on the oscilloscope. The temperatures in the tin bath increased and 
, 
- then leveled off. When the temperatures stabilized, a new steady 
state was assumed. Again the room temperature and interface position 
were noted and recorded. The ultrasonic power was turned off and the 
temperatures decreased to still a third steady state. Room tempera-
ture and interface position were noted once again to complete the run. 
A new run was now begun using a different ultrasonic power level. 
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.USULTS 
Figures 8 through 13 show the results of the experimental work. 
The millivoltage output of each thermocouple is indicated for the 
three steady states which compose a complete run. The runs are 
r. 
numbered in order of increasing power input to the transducers with 
Run No. 1 having the lo,vest power input o By connect j_ng tb.e readings 
of the four thermocouples with straight lines a temperature profile 
was drawn. The distance that the liquid-solid interface moved during 
the application of ultrasonic energy can be detennined from these 
figures through the use of the line which represents the melting point 
of tin. The exact location of this line on the figures varies from 
run to run because ·of differences in room temperature and in the 
I * daily calibration of the temperature recording system. 
Table 1 shows a listing of power input and the location 4of the 
interface before and during the application of ultrasonics as in~ 
dicated by both the eye and the re~orded temperatures~ Also listed 
is the resulting movement as indicated by both the eye and the thenno-
couples. Figure 14 is a plot of ·power inp~t to the transducers versus 
the interface movement that resulted during the application of the 
ultrasonic vibrations. 
*Run No. 18 was drawn as it was because the four thermocouples 
moved slightly when the interface moved past thermocouple Noa 4 dur-
-ing the runo Thus, to permit a correct interpretation of the inter-
face movement, it was necessary to move th~ data points the same 
distance that the thermocouples moved. J 
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TABLE 1 
I.DCATION AND MOVEMENT OF INTERFACE AS SEEN BY EYE AND AS RECORDED BY THERMOCOUPYS 
I.Dcation of 
Interface 
before Ultra-
sonics as seen 
by Eye 
Location of 
Interface 
during Ultra-
I.Dcation of 
Interface 
-before Ultra-
sonics as re-
corded by 
Thermocquples 
sonics as seen 
by Eye 
Location of 
Interface 
during Ultra-
sonics as re-
corded by 
'fhermocouples 
location is Measured in Eighths of an Inch from Tip 
of Ultrasonic Horn 
8.125 - 8.250 
- 7.80 7.45 
9.000 8.625 8.90 8.50 
8.125 - 8.250 - 7.95 7.25 
- 8.250 8.85 8.25 
9.375 8.000 9.05 7.90 
- - 7.85 7.05 
11.500 9. 250 ·11. 70 9.30 
9.125 1.000 - 7.125 8.75 6.90 
10.375 9.250 9.55 8.80 
8.750 6.750 8.85 6.50 
9.375 - 9. 500' 7.125 - 7.250 9.00 6.90 
11.500 8.125 11.60 8. 20 
8.000 6.125 - 6.250 7.80 5.90 
120 000 10.000 11.60 9.35 
10 .125 - 10.250 6.125 10.25 6.30 
10.875 7.500 9.90 6.15 
11.500 8.750 - 8.625 11. 15 8.45 
10.125 5.500 9. 25 4.80 
Movement of 
Interface as 
seen by Eye 
t 
l 
Movement of 
Interface as 
recorded by 
Thermocouples 
Movement is Measured in 
Eighths of an Inch 
- .35 
.375 .40 
- .70 
- .60 
1.375 1.15 
- .so 
2.250 2.10 
2.200 1.85 
1.125 .75 
2.000 2.35 
2;250 2.10 
3.375 3.40 
1.850 1.80 
2.000 2.25 
1.000 3.95 
3.375 3.45 
2.850 
·'.... 
3.00 
4.625 4.45 
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DETERMINATION OF ULTRASONIC 
HEAT OUTPUT 
.. ;, 
The plot of interface moveme.nt versus power input, shown on 
Figure 14, provides a relative indication of the heat output at var-
ious ultrasonic power levels. That the movement of the interface is 
related directly to heat output can be seen by an examination of the 
heat balance at the interface before and during the application of 
ultrasonic vibrations. 
For the interface to remain stationary, the heat flowing away 
from the interface must equal the heat flowing toward it. If less 
heat flows toward the interface from the liquid than flows away from 
it into the solid, the interface moves into the liquid. If more heat 
flows toward the interface than flows away from it, the solid nearest 
the interface receives enough heat to melt and the interface moves 
into the solid. 
When the first steady state of a run in this work was obtained, 
there was a heat flow balance into and out of the interface. During 
the application of ultrasonic energy, there was a heat buildup at the 
interface and the system became unbalanced. The only way to obtain a 
heat balance again was to establish a new interface location where 
the heat flowing toward the interface from the liquid plus the heat 
generated at the interface by the ultrasonics was equal .to the heat 
flowing away from the interface through the solid. In other words, 
the interface moved forward into the solid to a new stable location 
determined by the heat balance when the ultrasonic power was being 
applied. The greater the effective heat output due to ultrasonics, 
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the greater distance· t~eiinterface moved while the sy~t~ __ attempted 
to balance itself. 
It was, however, desirable to have a quantitative idea of heat 
output and the method used to obtain such information from the data 
of the various runs will be presented now. 
In a typical run, the interface was located initially between 
thennocouples No. 2 and No. 3 (see Figs. 8 to 13). Thermocouples 
No. 1 and No. 2 then gave an indication of the temperature gradient 
in the liquid tin and thermocouples No. 3 and No. 4 measured the 
temperature gradient in the solid. With these temperature gradients 
known for the first steady state of a run, the heat flow to and away 
from the interface was calculated (see Appendix I). Since these 
gradients were not immediately adjacent to the interface, a difference 
between the calculated heat flow in the liquid and in the solid was 
not unexpected. In the great percentage of runs made in this work, 
the discrepancy for the first steady state was one in which the heat 
flow calculated in the solid was greater than that calculated in the 
liquid. This discrepancy was probably due to the influx of radiant 
and/or conductive (from air to metal) heat into the metal between 
thermocouples No. 2 and No. 3 and to the straight-line-segment approx-
imation of the temperature profile. 
After the ultrasonics was turned on and the system came to the 
second steady state of the run, the same thennocouple combinations 
were used to determine heat flow in the solid and liquid portions of 
the tin if the interface was still between thermocouples No. 2 and 
No. 3 (Appendix II is an explanation of what was done when the 
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interface did not stay between thermocouples No. 2 and No. 3 during 
the application of ultrasonic energy). After the heat flow toward 
and away from the interface was calculated, a discrepancy was again 
expected and noted between the two. However, the runs in this study 
always had a larger discrepancy during the second steady state 
(during application of ultrasonics) than they had during the first 
steady state when no ultrasonic power was applied. The assumptions 
were made that the same amount of radiant and/or conductive heat 
energy entered the metal between thermocouples No. 2 and No. 3 during 
both steady states and that the same system errors were at work in 
both situations. The net discrepancy between the two steady states 
was then attributed to an ultrasonic heat release at the interface. 
To see if these assumptions were logical, it is necessary to 
examine the method of calculation and the experimental system a little 
more closely. As mentioned before, the same combinations of thermo-
couples were used to determine the four temperature gradients of 
--\. 
interest whenever possible. Consequently, ,the errors that might have 
drifted into the electrical system during a day's runs were consist-
ently applied to the calculations of both steady states. Thermo-
couples No. 1 and No. 2 were always used to determine heat flow in 
the liquid. Thermocouples No. 3 and No. 4 were used as often as pos-
sible to detennine heat flow in the solid, while the method of 
Appendix II was used when it was impossible to use thermocouples No. 3 
and No. 4 i'Q combination. 
\ 
.. 
Was there any change in the system that resulted in more radiant 
/ 
or conductive heat entering the metal between thennocouples No. 2 and 
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No. 3 when ultrasonics was applied? If this happened, the assumption 
made was invalid and the net discrepancy could not be blamed on an 
ultrasonic heat release. All that changed in the region between 
·<1(.,--· :. 
'6 
thermocouples No. 2 and No. 3 during the application of ultrasonic 
energy was the conversion of a certain amount of solid tin to liquid 
tin and a general increase in temperature. With the temperature in 
this region rising, the heat input via conduction from the air would 
decrease. The same logic applies t-oi radiant heat input if the absorp-
t ivi ties can be assumed constant. This constancy of absorptivities 
would not have been the case if the experiment dealt with unoxidized 
liquid and solid tin. However, the actual situation was one in which 
the solid and the liquid tin were covered with an oxide layer. It is 
· this oxide layer and not the bulk material which should have determined 
absorptivity. Since the oxide didn't melt when the tin did, a thin 
layer, in all likelihood, remained as the bulk material beneath it 
melted. As long as diffusion into or out of the liquid tin was not 
rapid enough to change the composition of the oxide in the thirty 
minutes or an hour that a run lasted, then- it can be safely assumed 
~~ ... 
that the absorptivity in the region under consideration did not change, 
Thus, the basic assumptions on which the method of heat flow 
analysis was based are either valid or a little on the conservative 
side. The potential errors in the assumptions and analysis would 
result in a calculated value of heat output due to ultrasonic vibra-
tions that was low and not high. 
All eighteen runs shown in Figures 8 through 13 were not useable 
when it came to the aforementioned analysis for ultrasonic heat output. 
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Run No. is was unuseable because the. interface moved behind thermo-
couple No. 4, thereby providing ~o w·ay to determine heat flow in the 
solid. Runs No. 16 and No. 14 were unuseable because the temperature 
data and the eye disagreed greatly as to the instantaneous location 
of the interface. To apply the analysis indicated in Appendix II, 
agreement between eye and tempe·ra-ture was necessary. 
There was finally a third reason why some runs were unuseable in 
' 
,: this analysis which· affected runs No. 7, No. 12, No. 15 and No. 17. 
The problem with these runs was that the method of analysis yielded 
ultrasonic heat outputs that were much too high. Apparent efficien-
cies approached or exceeded 100%. By studying the temperature profiles 
of these four runs, it is seen that the mathematical reason for the 
excessive efficiencies was due to the extreme difference between the 
liquid temperature gradients before and during the application of 
ultrasonic energy. Why did this mathematical difficulty occur? 
There are some aspects of these runs which are quite similar and, as 
such, answer this question and also indicate the limitat:i.'Qns of the 
.... 
-\ 
experimental equipment used. All of these runs had their f~t steady 
state interface located very close to thermocouple No. 2, while all 
~he useable runs of this work had their first steady state interface 
located away from thermocouple No. 2. It was previously noted in 
other runs that the temperature profile in the liquid tin varied from 
expected \Vithin about 1/8" of the interface. To be specific, it 
appears that the temperature profile takes a drop near the interface. 
Thus, if the interface was near thermocouple No. 2 in the first steady 
state profile of a run, tge original liquid tin temperature gradient 
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bet-ween therm~couples No. 1 and No. 2 app~a~ed quite high. When 
ultrasonic energy was applied, the interface moved and a normal t8111-
. perature gradient appeared between thermocouples No. 1 and Nb-; 2. 
When these two gradients were then compared mathematically, a very 
-·~_._ large difference was noted which resulted in a misleading heat flow 
calculation. 
• 
It is difficult, with only two thermocouples measuring tempera-
tures in the liquid tin, to derine the cause of the drop in the tem-
perature profile near the interface. It may have been due to slight 
supercooling in front of the interface or to peculiarities of the 
liquid to solid transition zone or to the experimental heating system. 
J 
In any case, there was a region in the liquid tin near the interface 
that resulted in erroneous calculations and this was the reason for 
not using runs No. 7, No. 12, No. 15 and No. 17. 
Table 2 lists the electrical power input to the transducers, the 
equivalent heat output if all the input electrical power had been 
converted to heat energy, the actual heat output as determined by the 
aforementioned analysis, and the resulting efficiency of the eleven 
runs. Figure 15 is a plot of actual calculated heat output versus 
power input. 
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Power 
Input 
Run (Watts) 
,. 
.·, 
1 
2 
3 
1.03 
1.93 
4.40 
1 4.62 
5 4.98 
6 5.21 
8 \ 6.76 
9 8.11 
10 8.17 
11 9.05 
13 9.64 
.._ -
TABLE 2 
EFFICIENCIES OF THE RUNS 
Equivalent 
Heat Output 
(Cal./Sqo Cm. Sec.) 
.0898 
.1680 
.3840 
.4020 
.4350 
.4540 
.5900 
.1010 
.7120 
.7880 
.8400 
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Actual 
Heat Output 
(Cal./Sq. Cm. Sec.) 
.025 
.030 
.123 
.165 
.313 
.058 
.425 
• 290 
.377 
.333 
.447 
,, 
it, 
Efficiency 
(%) 
27 .8 
17.9 
32.0 
41.1 
72.0 
12.8 
72.0 
41.0 
52.9 
42.3 
53.2 
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DISCUSSION 
Lane et al. (3) stated that a beating effect at a liquid-solid 
interface can alter the actuai liquid temperature gradient in a 
\\ 
solidifying ingot and make constitutional supercooling occur sooner. 
They also stated that the application of ultrasonic vibrations to a 
solidifying ingot produces a major heat release at the interface and 
an unmeasurable heat release in the solid and the liquid. An exam-
ination of the transient temperature changes between the first and 
second steady states of the runs of this study provides a means for 
verifying these statements. When ultrasonics was applied in an 
experimental run of this work, an almost immediate increase in voltage 
output by the thermocouple nearest the stainless steel horn (No. 4) 
was generally noted. Thirty seconds or so later, the thermocouples 
closest to the interface responded and when the second steady state 
was reached, they indicated a greater increase in temperature than 
was indicated by thermocouple No. 4. 
Was there a major heating effect at the solid-liquid interface? 
The results of this work agree with Lane. A major heat release was 
indicated when a comparison was made between the temperature profiles 
of a run. The greatest temperature increases occurred near the inter-
face and considerable heat was released to melt the tin at the inter-
face. 
Was there an unmeasurable heat release in the solid and liquid? 
'l 
Contrary to Lane, the fact that the ·temperature at thermocouple No. 4 
increased immediately after the power was turned on is a positive 
ind-ication that a significant amount of heat was released in the solid. 
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phase due to acoustic attenuation. This increase·in temperature was 
tooGrapid to be due to heat flowing via simple conduction through the 
solid after being released at the interface. Heat conduction did take C)· 
place eventually (which explains the fact that thermocouple No. 4 
generally measured a substantial temperature increase between the 
first and se~ond steady state), but the. conduction could not begin as 
rapidly as thermocouple No. 4 responded. However., the author feels 
that the heating effect in the solid, due to attenuation, was minor 
when compared to the larger heat release at the interface. There was 
no indication of a heat release in the liquid. 
Up to this point, there has been no explanation as to why there 
is a relatively large heat release in the vicinity of the interface 
when ultrasonic vibrations are applied. In a minor way, heat is 
produced as a result of the acoustic impedance mismatch between the 
solid and liquid tin. The product of the density of a material times 
the speed of sound in that material is called the specific acoustic 
.. 
impedance. When sound attempts to traverse from one medium to another, 
a certain percentage is reflected backward if the sound wave sees a 
mismatch in the acoustic impedance of the two. The following for-
1 (10) mu a is obeyed at a perfect interface of zero thickness. 
where 
R = R 
0 
R = reflected energy 
R - incident energy 
0 
2 
A1 = specific acoustic impedance of material 1 
A2 = specific acoustic.impedance of material 2 
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At a re·a1 interface, the reflection is somewhat different. With 
' 
a finite thickness, the interface has a greater chance than any other 
region in the solid or liquid to absorb more of the ultrasonic energy. 
Acoustic energy is reflected back and forth in the interface region 
more so than in a comparable region in either the solid or the liquid 
tin because of the acoustic mismatch-·at both '' . '' surfaces of the inter-
face. 
In all probability, however, the major cause of heating is due 
to cavitation in the liquid adjacent to the interface. (4) J.B. Jones 
did extensive work on the problems of transmitting ultrasonic energy 
into a bath of molten metal and some of his experiments involved the 
transmission of ultrasonic energy through a stainless steel rod and 
into a bath of liquid tin. He measured sound intensities in the 
liquid tin at certain distances from the face of the rod with a high 
temperature microphone of his own design. The results showed very 
high attenuation near the face of the rod and showed little attenua-
tion at larger distances from the interface between the rod and the 
liquid metal. ~ Jones indicated that the large sound absorption was due 
to cavitation in the liquid near the face of the rod. The cavitation 
bubbles cause large scale scattering of the incident sound waves 
which increases attenuation. The theory· actually states that the 
bubbles produce their own spheric-al ,waves- which do the scattering. 
The smaller and more numerous the bubbles, the greater is the scat-
"1 
tering and the resulting attenuation. 
Figure 14, page 25, shows the effect that a variation in power 
to the transducers had on the movement of the liquid-solid interface 
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.. which, as mentioned previously,·· is a relat i\re measure of heat energy 
release. (Movements of up to one half inch were noted in this work.) 
The dotted line of Figure 14 follows closely the lower power data 
· points wl1ere little spread was noted and then follows the trend at 
the higher power levels where the spread in the data points was 
larger. If the trend has been correctly noted, there appears to be 
a break in the dotted line. What might have· been the cause of this 
break? Lane made the statement that the cavitation threshold of a 
liquid metal should be close to that of water. Thus, cavitation 
could conceivably occur when the power to the tin liquid-solid inter-
face is approximately one watt per square centimeter. The area of 
the interface in this study was 2.74 square centimeters. Therefore, 
the break in Figure 14 could be explained as the beginning of cavita-. 
tion if it is assumed that the system was about 50-60% efficient in 
transmitting power. 
Some spread, especially at high power levels, was observed in 
the data of Figure 14. A portion of this variation may have been due 
Q 
to a run-to-run fluctuation in the temperature of the acoustic horn. 
Since no precautions were taken to maintain the horn at the same 
temperature, its rate of heat dissipation depended on room conditions 
with the result that the cold " . " sink of the system could have had a 
temperature variation from run to run as room conditions changed. 
This temperature variation would definitely effect how far the inter-
face had to move to reestablish a heat balance after the ultrasonic 
power was turned on to begin a run. 
Figure 15) p_age 33, shows a plot of electrical power input to 
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the transducers versus the calculated heat release at the liquid-
interface. Also plotted on Figure 15 are the 100% and 50% 
eff ciency lines. These lines represent heat output at the interface 
if all or half of the electrical power was converted into heat energy. 
As can be seen, the efficiency in this work of converting electrical 
power to heat at the liquid-solid interface was about 50% at the 
higher input power levels. Two of the runs had apparent effi~iencies 
of ar~und 70% but this efficiency seems quite excessive after a 
review of the literature. (S, G) The barium titanate transducer by 
itself would not be expected to have an efficiency much higher than 
70%. The only explanation for such high values is that of experi-
mental error. 
Does the 50% efficiency level seem feasible after a review of 
the literature? At this point, it would be of value to indicate in 
, 
general terms where the acoustical losses of the experimental system 
occurred and how large they were. There were reflection losses at 
every interface in the system. 
(4) Jones, who made extensive calcula-
tions that apply to the present work, figured a 97.2% energy trans-
mission efficiency between a barium titanate crystal and a steel 
coupler (equivalent to the stainless steel horn of this work). Using 
the formula previously mentioned on page 35, the energy transmission 
efficiency through the stainless steel-solid tin interface should 
have been 90% and through the solid tin-liquid tin interface should 
have been 95%. Jones estimated the attenuation losses in a steel rod 
and they were, for the experimental arrangement used here, over an 
order of magnitude smaller than the reflection losses indicated above. 
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A more substantial additional loss would probably be the energy dis-
i 
sipated into the device holding the ultrasonic horn. Since the horn 
had to be supported and the actual operating conditions did not pro-
duce a true zero vibrational null at the support, some energy went 
into the support structure. An estimate of this loss was not attempted. 
With the foregoing estimated efficiencies of the experimental equip-
ment used in this study, the overall efficiency, assuming a 70% 
) 
efficient transducer, was around 58%. It thus appears that the 
experimental data was of the correct order of magnitude. 
What does a heat release of the magnitude obtained in this work 
mean in tenns of a solidifying ingot? A heat release at the interface 
of a solidifying ingot is equivalent to an increase in the heat of 
fusion and, as a result, the freezing velocity of the ingot decreases. 
(3) Using iron for an example, Lane stated a freezing rate of two 
centimeters per minute and a heat of fusion of 500 calories per cubic 
centimeter as reasonable conditions for a freezing ingot. With these 
conditions, the freezing process of iron results in a heat release of 
a little over 60 watts per square centimeter. Therefore, to cut the 
freezing rate in half and bring constitutional supercooling into 
effect in half the time would require a heat input to the liquid-
', solid interface of 60 v,atts per square centimeter. Lane noted, 
however, in his work on stainless steel that power inputs of five 
A 
watts per square centimeter produced high levels of grain refinement. 
(7) He conducted another experiment which also indicated that the 
dominant cause of grain refinement in stainless steel was 1i'ot the 
production of heat near the interface but rather was an increase in 
the number of critical nuclei. 
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It seems log~cal, however, that -the production of heat at the .. 
interface should not be put aside as insignificant and of no value. 
Both Lane(3 ) and Wallace <2> indicate the necessity of an adequate 
length of exposure to the ultrasonic vibrations before the increase 
in nucleation takes place. Accordingly, if freezing is too rapid, 
the vibrations do not have sufficient time to do their job. The 
interface heating effect, however, slows down the advance of the 
interface in an ingot and, in this way, aids the grain refinement 
phenomenon. The lower the heat of fusion of a metal, the greater aid 
does this heating mechanism provide. With a latent heat of fusion for 
tin of only 105 calories per cubic centimeter, the power released per 
square centimeter of interface, assuming the aforementioned freezing 
rate of two centimeters per minute, is about 15 watts. Now the ultra-
sonic vibrations have to provide only 15 watts of heat at the inter-
face to reduce the freezing rate in half and the influence of the 
interface heating effect becomes stronger than it was for the case of 
iron. 
An interesting observation was noted in the work .. of Garlick and 
Wallace( 2) which may pertain to the preceeding comments. A plot of 
ultrasonic grain refinement versus the percent of solidification 
shrinkage for various metals was plotted and a parabolic relationship 
noted. (See page 7 for the original explanation on this plot.) 
Aluminum, stainless steel, antimony, zinc and magnesium followed the 
curve closely but tin had a grain refinement that was higher than the 
curve predicted for the percent of solidification shrinkage of tin. 
Since tin has a heat of fusion two thirds of any other metal on the 
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plot, perhaps· the heating effect at the liquid-solid interface was 
aiding the grain refinement phenomenon of the tin to a greater extent 
than in the other metals. 
RECOMMENDATIONS 
If further study was done which would use an experimental system 
similar to the one in this work, more thermocouples should be used 
so that the temperature profile in the liquid close to the solid-
liquid interface could be measured more precisely. In addition, it 
f k h " " would be advisable to provide a means or eeping t e cold sink of 
the system at a fixed temperature independent of room temperature. 
This should minimize the spread noted in some of the data of this 
work. 
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CONCWSIONS 
-The following conclusions appear to be justified on the basis of 
the experimental work reported here: 
1. During the application of ultrasonic power, energy is 
released in the vicinity of a tin liquid-solid interface. 
This produces a large temperature rise near the inter-
face and causes a volume of solid tin to melt. 
,. 2. Some heat is produced in solid tin during the applica-
tion of ultrasonic energy but is minor when compared 
to the heat prodµc~d at the interface. 
3. The efficiency of converting electrical power to an 
energy release at the interface can be around 50% at 
the higher levels of power input. 
It is generally indicated in the literature that the major reason 
grain refinement occurs is because the ultrasonic pressure waves in-'il 
crease the number of critical nuclei. This author feels, however, 
that the heating effect noted 1.n this· work aids the major mechanism. 
The energy release decreases the freezing rate of an ingot and, 
thereby, gives the vibrations a longer time in which to act on a unit 
volume of liquid metal. From this, it follows that the grain refine-
ment phenomenon should be more pronounced in a metal, such as tin, 
which has a relatively low heat of fusion. 
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APPENDIX I 
CALCULATION OF HEAT FLOW 
The determination of the heat flov;ing in either the solid or the 
- _____ )-
1 iquid tin required the use of the general heat conduction fonnula. 
q = kAat 
AX 
q = heat flow (cal/sec) 
k thermal conductivity of substance (cal/sec cm0 c) 
2 A - area (cm) 
At 
temperature gradient(:;) - -AX 
Therefore, all that was·· needed to calculate the heat flow through a 
unit area in the present work was to obtain the actual temperature 
gradients of interest and to determine the appropriate thermal con-
ductivity. 
Figure 16 shows the plot of the thennal conductivity of tin versus 
temperature that was used in the determination of the proper .value of 
"k. " (8) The Metals Reference Book provided the data points but a 
modification of the slope of the curve was necessary on the solid 
side of the melting point. The Metals Reference Book was clear in 
its indication that . 08 is the correct value of "k" in the liquid for 
all temperatures down to the melting point. However, no data on the 
"k" of solid tin at temperatures approaching the melting point were 
\ 
given. B. P. Pashaev (9) indicated a steep drop in th~ value of "k" 
for solid tin (99.94% pure) above 200°c; this drop was incorporated 
into Figure 16. 
·' 
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IN HEAT FLOW CALCUIATIONS.: 
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APPENDIX II 
CALCULATION OF ULTRASONIC HEAT 011l'PUT 
Two examples of the required calculations will be offered as 
representative of the two basic situations which occurred in the 
various runs of this work. The first example will be that of a run 
in which the interface movement due to the application of ultrasonic 
vibrations was confined to the region between thermocouples No. 2 and 
No. 3. The second example will be a run in which the interface did 
not remain between thermocouples No. 2 and No. 3 during the applica-
tion of ultrasonic energy. 
. , 
First ExampLe - Run No. 4 - Interface Confined to Region 
Between Thermocouples No. 2 and No. 3 
The procedure here was to determine the solid and liquid tern-
perature gradients directly from the thennocouple readings. Refer to 
Figure 9, page 19. 
Before the application of ultrasonic vibrations: 
Thennocouple No. 1 read 15.600 millivolts, 
thermocouple No. 2 read 15.150 millivolts, and the 
difference= .450 millivolts. 
1
For a chromel-constantan thermocouple, .075 millivolt equals 1°c when 
the temperatures being measured are those around the melting point of 
.450 o Therefore, - 6.0 C was the temperature drop that occurred • 075 
tin. 
over the distance between thermocouple No. 1 and No. 2. The distance 
between adjacent thermocouples was 3/8 of an inch or 0.952 cm. The 
resulting heat flow in the liquid was then ,,. 
(.08) (6) q/A = 0 _952 = .504 cal./sq. cm. sec. (see Appendix I) 
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The same.general procedur, was followed for the solid. 
" 
Thermocouple No. 3 read 13.800 millivolts, 
thermocouple No. 4 read 13.025 millivolts, and the 
difference= .775 millivolts. 
_.7_7_5_m_v_. __ = 10 •33oc 
• Q.75 mv. ;1oc 
·~······-
It t d t · th "k" value. was now 11ecessary o e enn1ne e proper This was done 
by determining what was the average value of "k" for solid tin be-
tween the temperatures indicated by thermocouples No. 3 and No. 4. 
-
" " Figure 16 indicated a k of .1372 for this portion of run No. 4. 
Thus, the heat flow in the solid was 
q (.1372) (10.33) 4 cal. A - 0.952 = 1 • go sq. cm. sec. 
The discrepancy between the liquid and solid heat flows was 
1.490 - .504 = .986 cal. 
sq. cm. sec. 
During the application of ultrasonic vibrations: 
Everything is treated as before with the exception of a lower vaTue 
of "k" for the solid. 
Thermocouple No. 1 read 15.675 millivolts, 
thermocouple No. 2 read 15.350 millivolts, and the 
difference - .325 millivolts • 
• 325 mv. o 
.075 mv./1°C = 4 · 34 C 
Therefore in the liquid between thennocouples No. 1 and No. 2, 
... 
q (.08) (4.34) A= 0 _952 = .364 cal./sq. cm. sec. 
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continuing, 
thermocouple No. 3 read 14.075 millivolts, 
D 
r' 
thermocouple No. 4 read 13.275 millivolts, and the 
difference= .800 millivolts . 
• 800 mv. _ lO.SSoC 
.075 mv./1°c -
The solid's heat flow was 
.!I. = ....;;,(_.1_3_5_1 __ ) ____ ( 10_._6_8_) = 1.515 cal./sq. cm. sec. A 0.952 
The discrepancy now was 1.515 - 3.64 = 1.151 cal./sq. cm. sec. 
:,11. 
The net increase in discrepancy was 1.151 - .986 =.165 cal./sq. 
cm. sec., and this is called the heating effect due to ultrasonic 
vibrations for run No. 4. 
Second Example - Run No. 11 - Interface Did Not Remain 
Between Thermocouples No. 2 and No. 3 During Application 
of Ultrasonic Energy 
The calculation procedure is the same as in the first example for 
all steps except the determination of the heat flow in the solid when 
ultrasonic vibrations were being applied. This step will be explained 
now. (Refer to Figure 11 and to Table 1.) 
Thennocouple No. 3 co~ld not be used to detenqine the solid's 
temperature gradient because it was no longer in the solid. Instead, 
.... a judgment had to be made as to the location of the tin liquid-solid 
-
interface so that the interface data could be used in the heat conduc-
tion formula. The temperature profile and the eye disagreed to a 
certain extent (see Table 1) as to the location. However, since the 
1." .... 
temperature profile at the interface cannot really be represented by 
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a ·straight line, the location as seen by the eye was given more 
weight. In run No. 11, an interface location was decided on which 
J 
resulted in a distance between the interface and thermocouple No. 4 
of 0.603 cm. This distance was used in the general heat conduction 
formula instead of the inter-thermocouple distance of 0.952 cm. The 
temperature drop was from the freezing point of tin to the reading of 
thermocouple No. 4. 
l. 
Freezing point for nin No. 11 = 14.000 millivolts 
Thennocouple No. 4 read 13.350 millivolts, and the 
difference= 0.650 millivolts • 
• 650 mv. 8 660 
.075 mv./1°C = · C 
The heat flow in the solid when ultrasonic vibrations were being 
applied was then 
----~•W•·• 
~A= (.l3325> (B.&G) =·1.915 cal./sq. ·cm. sec • 
• 603 
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